Segregation, homology and linkage of 33 random amplified polymorphic DNA (RAPD) markers were studied in three trees [P304, E1101 and F1 (cross P315 × E1101)] of Scots pine (Pinus sylvestris L.). Markers were selected on the basis of a RAPD map constructed earlier for F1. Markers from three linkage groups were studied in P304 and E1101. In both P304 and E1101, 14 markers (42%) were heterozygous. Segregation deviating from 1:1 was found for three markers in P304 and one marker in E1101. With the restriction pattern test, two out of the 33 loci studied (6%) were found to be not homologous to the corresponding fragment in F1. Both of these loci were heterozygous, and they were not linked to any markers, which confirmed their nonhomology. Homologous heterozygous markers segregating 1:1 were mostly linked with similar order in P304 and E1101 as in F1. The results suggest that it might be necessary to verify the homology of comigrating fragments before using them even across individuals. It will often be desirable to use other codominant markers together with RAPDs.
Introduction
Randon amplified polymorphic DNA (RAPD) markers (Welsh & McClelland 1990; Williams et al. 1990 ) are used widely for genetical studies in plants and animals because of their abundance as potential markers and the relatively easy applicability of the technique in laboratories. Often they are used for phenotypic description of taxa and subsequent phylogenetic analysis (e.g. Furman et al. 1997; Maguire et al. 1997) , or for studying genetic variation and its distribution in populations (e.g. Mosseler et al. 1992) . For constructing marker maps, RAPDs are used because it is easy to obtain a map covering the genome without prior knowledge of gene sequences.
In conifers, haploid megagametophytes of individual trees can be used as a mapping population. Using haploid tissue avoids the problem of dominance (Carlson et al. 1991) . Many RAPD maps for pines have been published (Pinus sylvestris, Yazdani et al. 1995; P. palustris, Nelson et al. 1994; Kubisiak et al. 1995 Kubisiak et al. , 1996 P. elliottii, Nelson et al. 1993; Kubisiak et al. 1995; P. pinaster, Plomion et al. 1995a; P. brutia, Kaya & Neale 1995) . Studies using RAPDs are based on the assumption that RAPD loci are dominant Mendelian markers, where the allele either amplifies (+ allele) or not (null allele). The products of different loci are assumed to have different molecular weights, thus allowing the assignment of alleles to their loci. When these assumptions hold true, it is possible to do population genetical analyses reliably (Clark & Lanigan 1993; Lynch & Milligan 1994) .
It is known, however, that RAPDs may have different kinds of problems associated with their use. Experimental errors often occur. Scoring errors (Hemmat et al. 1994; Skroch & Nienhuis 1995a ) and reproducibility problems (Skroch & Nienhuis 1995b; Jones et al. 1997) suggest the need for careful control of laboratory conditions. Different tissues of the same organism might also give different amplification results, as has been found, for example, in pines (Kubisiak et al. 1996; Lu et al. 1995) .
Serious errors in genetic interpretation may result if comigrating fragments between individuals are thought to be from the same locus but are in fact nonhomologous. Homologous fragments should have similar sequences and map to the same position.
There are few studies on the homology between comigrating fragments, and those that exist are mainly at the interspecific level (Thormann et al. 1994; Rieseberg 1996) . Within species, Beaumont et al. (1996) compared the homology of fragments between different crosses of maize. This can be done with hybridization (Rieseberg 1996; Thormann et al. 1994) , by comparing patterns after digestion with restriction endonucleases (Rieseberg 1996) and by comparing their linkage order.
For pines there are no reports on comparison of RAPD marker linkages between individual trees, nor are there any studies of RAPD marker homology. Pines and other species with large genomes have much repetitive DNA, and thus single primers can amplify several fragments. Many of these migrate close to each other and render mistyping possible. The comigration of nonhomologous fragments is also more likely.
The purpose of this study was to examine the reliability of RAPD for mapping purposes and for population genetic studies. This was done by testing homology and comparing linkages of the RAPD markers between three pine individuals. Segregation ratios of the heterozygous markers were compared between trees. Homologous restriction patterns of markers between trees were regarded as evidence for homology. Similar linkages between heterozygous markers further confirmed homology vs. nonhomology of RAPD loci. As conifers are known to be chromosomally very conservative (e.g. Szmidt & Muona 1989 for references), we do not think that chromosomal rearrangements between individuals within the species are likely. We also discuss findings in other studies on RAPD in relation to their use in genetic analyses.
Materials and methods

Plant material and DNA isolation
The material was from three trees, P304, E1101 and F1 (P315 × E1101). Trees with the letter P or E are phenotypically selected so-called plus trees of the Finnish Forest Research Institute. The F1 tree was from a cross between plus trees P315 and E1101. DNA of megagametophytes from 72 seeds of each tree was isolated according to the method of Doyle & Doyle (1990) , with slight modifications.
Choice of RAPD markers
We had previously constructed a RAPD map for the F1 tree from the cross P315 × E1101 (primers from Operon Technologies, Alameda, USA; designation of markers with primer name following the size of RAPD fragment in base pairs, e.g. A19_770). Markers for the map were chosen on the basis of good reproducibility and segregation in a Mendelian 1:1 ratio. In order to compare linkages between RAPD loci between trees, the markers were selected on the basis of this map. Several linkage groups with closely linked markers were considered for the preliminary analysis. From these areas, the genotypes of P304 and E1101 in marker loci were studied by using seven megagametophytes per tree. RAPD markers from those linkage groups containing most heterozygous loci in the two trees were selected ( Fig. 1 and Table 1 ). Altogether 33 markers from three linkage groups (groups 2, 3 and 12)
were chosen for the study of segregation, homology and linkage in P304 and E1101.
RAPD amplifications
After preliminary tests, polymerase chain reactions (PCR) of heterozygous markers were performed on DNA from 72 megagametophytes of each tree. The reaction volume was 11 µL, consisting of 8 ng of DNA, 0.8 µM of primer (Operon Technologies), 0.2 mM of each dNTP, 1.25 µL of 10 × Taq buffer (500 mM KCl, 100 mM TrisÐHCl, 1% Triton X-100; Promega), 2.6 mM of MgCl 2 (Promega) and 0.5 U of Taq polymerase (Promega), overlaid with 50 µL of mineral oil. Reactions were carried out on microtitre plates (Hybaid) in a OmniGene temperature cycler (Hybaid). The amplification profile was 2 min at 94 ¡C, followed by 40 cycles of 30 s at 94 ¡C, 30 s at 35 ¡C, 1 min at 72 ¡C, followed by 10 min at 72 ¡C. RAPD products were electrophoresed in 2% agarose gels with ethidium bromide in 0.5 M TBE (45/mM Tris-borate, 1/mM EDTA) buffer at 3.7 V/cm, and photographed with a Polaroid camera under UV light.
Segregation and linkage assessments
Segregation and linkage analyses were based on amplifications in 72 megagametophytes of each tree. The RAPD map for F1 was previously constructed with Mapmaker/Exp. 3.0 (Lander et al. 1987) using the Haldane mapping function. Grouping was done with LOD 4.0 and maximum interval 50 centimorgans (cM) (θ = 0.31) as thresholds, after which multipoint analysis was performed with log likelihood difference ³ 3 for framework markers. Other markers were located in relation to the framework. In P304 and E1101, Mendelian inheritance (ratio 1:1) for the heterozygous markers was examined with chi-square tests. Markers deviating from the ratio were, however, included in the linkage analysis, and those that linked similarly as in F1 were located on the map. All potential scoring errors given by Mapmaker were verified, scoring uncertain double recombinants as missing data. Grouping of markers in P304 and E1101 was performed with LOD 3.0 and maximum interval 50 cM (θ = 0.31) as threshold values. Orders were determined with compare and map commands.
Homology assessments
Homology assessments were performed on all amplified markers (genotyped +/Ð or +/+) with comigrating fragments across trees. This was done by comparing their restriction profiles with enzymes recognizing 4 bp sequences, HaeIII (GG/CC), HinfI (G/ANTC) and AluI (AG/CT) in the first set and, if some of these failed to digest, also with RsaI (GT/AC) and CfoI (GCG/C) in the second set. In the procedure RAPD fragments were extracted from the agarose gels (2%) with a QIAquick gel extraction kit (Qiagen), eluting the DNA in 30 µL of sterile distilled water. To get enough PCR product for restriction, a second round of PCR was made with 2Ð5 µL of template with reduced amounts of primer (0.08 µM) and dNTPS (0.1 mM of each). PCR products with no interfering artefacts (chimers, primer dimers, contamination products) seen on the gel were digested by adding restriction enzyme to the PCR reaction mixture (2 U/reaction). Reactions with extra bands were run on the 3% low-melting-temperature NuSieve GTG agarose gel (FMC), after which the band of interest was excised from the gel and melted in 68 ¡C, and the restriction endonuclease was added in the melted mixture. Digestions were incubated in 37 ¡C for 15Ð18 h and run on 2% agarose gels at 3.7 V/cm for 3 h.
Results
Heterozygosity
In P304, 14 (42%) markers of the 33 studied were heterozygous (+/Ð), 3 (9%) were homozygous for a dominant allele (+/+), and 16 (49%) did not amplify at all or gave a faint band that could not be scored reliably (Ð/Ð). In E1101, the proportions were 14 (42%), 8 (24%) and 11 (34%), respectively (Table 1) .
Homology
In estimating homology, two out of three similar restriction patterns in each pairwise comparison between trees was considered as proof for homology (Rieseberg 1996) . For those loci where four or five restriction enzymes were used because of restriction failure with the enzymes in the first set, two similar patterns were considered homologous, with at most one possible differing pattern out of five. Two fragments between trees were shown to be nonhomologous. B12_530 in P304 was not homologous to the corresponding fragment in F1 (Fig. 2a) . The fragment was not amplified in E1101. AD02_280 in P304 and in E1101 were not homologous to the fragment in F1 (Fig. 2b) . The fragment was, however, homologous between P304 and E1101. Two loci out of 33 studied were nonhomologous (6%). There were 51 pairwise comparisons between trees. Three of these (6%) were not homologous.
Linkages
In linkage group 2 in F1 there were 15 markers. Six of these were heterozygous in P304. Five of these were linked together with the same order as in F1 (C02_680, E09_250, G13_750, K09_750 and AC15_270) (Fig. 3) . However, C02, G13 and AC15 deviated from the 1:1 ratio (χ 2 = 9.06, 11.53 and 7.14, respectively). Marker B12_530, which was shown not to be homologous to the marker in F1 (Fig. 2a) , was found to be unlinked to the group or to any other marker in the data set. In E1101, five markers from group 2 were heterozygous, and four of these (K09_750, O19_400, Q11_750 and U11_360) were linked together in the same order as in F1 (Fig. 3) . The fifth marker, U06_270 was also linked to the group, but showed segregation distortion (χ 2 = 10.67) and changed the order of the whole group. It was excluded from the map. In linkage group 3 there were 13 markers in F1. Five of these were heterozygous in P304. All of these (B11_550, A19_770, F08_700, J11_350 and AB01_560) were linked in the same order as in F1. In E1101, five of the group 3 markers were heterozygous, and all of them (AC14_320, S10_650, B11_550, G04_770 and P10_530) were linked in the same order as in F1. All markers in P304 and E1101 were segregating in a 1:1 ratio.
In linkage group 12 there were six markers in F1. In P304, three markers of these were heterozygous. However, they were not linked to each other. First, AD02_280 was shown to be nonhomologous with the corresponding locus in F1 (Fig. 2b) . Z20_310 and AB20_360 were apparently so distant from each other (40 cM in F1), that no support for linkage was found. With a sample size of 72, the proportion of recombinants has to be less than 38% to be statistically significantly different from free recombination. These two markers were homologous to their counterparts in F1. Linkages to any other markers in the data were not observed either.
In E1101, four markers from group 12 were heterozygous, of which J06_780 and AB20_360 were linked to each other. AD02_280 was unlinked to any markers. It was nonhomologous with AD02 in F1, showing similar restriction profiles with P304 (Fig. 2b) . A11_520 was located far apart from J06 and AB20, with a nonsignificant LOD score for linkage (LOD 1.05, 60.8 cM) . This distance was 28 cM in F1. Hence, there was a tendency for longer distances both in P304 and E1101 in group 12 compared to F1.
Discussion
In our data two RAPD loci out 33 (6%) studied were found not to be homologous to the markers in the reference tree, the F1 individual. Using the restriction pattern test, B12_530 in P304 and AD02_280 in P304 and E1101 were not homologous to the equal-sized markers in F1. Interestingly, AD02_280 was homologous between P304 and E1101. Even though E1101 and F1 were related, this fragment was not homologous between them. Of the pairwise RAPD marker comparisons, 94% were homologous.
Non-homologous markers were not linked to the respective linkage groups found in F1, which confirms that they were of different origin. All markers, with one exception, were linked to their groups, even though segregation was distorted at some marker loci. Z20_310 and AB20_360 in P304 were probably too distant from each other for us to detect linkage without an intervening marker.
There are few studies of homology of RAPD markers within species. In maize, the proportion of homologous pairwise comparisons was 92% between crosses (Beaumont et al. 1996) , which is about the same magni-tude as in our data. This suggests that it may be necessary to verify the nature of comigrating RAPD fragments before using them across individuals within species.
Homology comparisons based on maps of individuals have been carried out rarely within species. Conner et al. (1997) found some inconsistencies between maps of three apple cultivars. In some other cases several individuals or crosses have been included in the studies (e.g. Grattapaglia & Sederoff 1994; Kaya & Neale 1995) . However, in most cases the number of shared segregating markers is too low for comparisons. In our study, the two random trees, P304 and E1101, both had 14 heterozygous markers, of which they shared only two (B11_550 and K09_750). Yazdani et al. (1995) have published a RAPD map of Scots pine with 282 markers, but a comparison with their map is not possible as only 3% of the markers seemed to be shared. Experimental conditions between our study and their study may contribute to the differences. However, heterozygosities at the RAPD loci seem to be rather low, of the order of 20Ð30% (Szmidt et al. 1996) , which results in less than 10% of overlap in segregating loci between two random trees. Thus, the prospects for joining maps based on individual trees are not good when a small number of trees is studied. Bucci et al. (1997) have tried an alternative approach in Picea abies, where they used 48 different trees. A large number of markers could be mapped, with 70 of 83 markers used. This study resulted in 21 markers over the genome that have been mapped in a heterogeneous population, and which seem to behave stably. Such an approach may eventually lead to the use of standardized markers for reliable use across individuals.
Between Helianthus species, Rieseberg (1996) reported that 91% of pairwise comparisons were homologous. De Bustos et al. (1998) gave a similar figure for Hordeum species, 90%. However, homology between Brassica species was only 80% (Thormann et al. 1994) . Thus, between species even more inconsistencies can be expected than within species, especially in species with large genomes. It will require some effort to choose markers that are in fact reliable across related species (Furman et al. 1997) .
In addition to issues of homology, it is well known that experimental errors often occur. Hemmat et al. (1994) estimated the proportion of scoring errors to be 7% in data in apple. Lin & Ritland (1996) also concluded that mistyping might be significant in their data of Mimulus. Competition of other loci in PCR may be one reason for repeatable scoring errors (Heun & Helentjaris 1993; HalldŽn et al. 1996) . Reproducibility may also often cause problems. In snap bean (Phaseolus vulgaris), reproducibility varied from 60% for the faint bands to 96% for the bold bands (Skroch & Nienhuis 1995b) . Thus, rejecting faint bands would give more accuracy to analyses.
Problems of homology and experimental errors often associated with the use of RAPDs should also show up in the results. In many cases there are no internal controls to reveal these. First, these errors in RAPDs may hamper the ordering of markers, as several possible orders are given (Grattapaglia & Sederoff 1994; Kesseli et al. 1994; Lin & Ritland 1996) . Second, distortion from expected segregation ratios is often interpreted to be due to meiotic drive or linked viability loci (e.g. Echt & Nelson 1997) . These distortions can be used to map viability loci (Sorensen 1967; Hedrick & Muona 1990) . Distortions are especially common in crosses between genetically distant individuals (e.g. Gebhardt et al. 1991) , where there are meiotic abnormalities. However, distortions can also be caused by experimental and homology errors. In our study the markers in the reference tree all segregated at 1:1. The proportion of distorted markers was 21% (C02_680, G13_750 and AC15_270) in P304, and 7% (U06_270) in E1101. These markers with deviant segregation were concentrated on one linkage group (group 2 in F1), where all except U06 in E1101 were located in the same order as in F1. In P304, the presence of one, possibly two, viability genes is indicated in this linkage group (C. Vogl and S. Xu, personal communication). For U6_270 in E1101, experimental errors are the most probable explanation for distortion. Errors can include, for example, situations where a marker is homozygous for a dominant allele, but some samples still do not give the amplified product. Competition could occur, even though it has been suggested that there is less competition in haploid tissue (HalldŽn et al. 1996) . Template degradation may also prevent amplification. On the other hand, there could be occasional amplification of other loci with similar-sized fragments. In a study of Pinus pinaster, distorted RAPD markers were shown to include comigrating polymorphic bands (Plomion et al. 1995b) . In our data, restriction study excluded this explanation, even though some reproducible differences in band intensities were obtained (data not shown).
Third, homology and experimental errors may lead to deviations from HardyÐWeinberg proportions in populations. In outcrossing organisms, such as pines, one expects to find that genotypes conform to HardyÐWeinberg proportions. Szmidt et al. (1996) determined genotypes of trees based on segregation of RAPD markers in eight megagametophytes per tree, and found a consistent excess of heterozygotes over HardyÐWeinberg proportions in their small population data sets. They found an excess for allozymes as well, but the RAPD markers resulted in highly negative fixation indices of up to Ð0.26 in one population. This is so high as to suggest some artefact. The differences in amplification between the eight megagametophytes must on some occasions have been due to differences other than just segregation between the + and Ð alleles. Szmidt et al. (1996) could detect and point out this problem, but in most other studies there is no internal control for genotypic determination.
Finally, errors will show in the analyses when the RAPD data are used. These can be of different magnitude in population genetic analyses, phylogenetic and mapping studies. Genetic maps might not be reliable across crosses. In phenotypic taxonomy studies RAPD markers may overestimate the between-species similarities (Powell et al. 1996) . If genotypes cannot be properly identified, allelic frequency estimates cannot be made accurately in population genetic analyses. While RAPDs are suitable for many general description purposes, the more specific the question, the more care is needed in analyses. Homology studies would be desirable at least in studies between individuals and crosses, and sometimes even within individuals, to verify comigrating fragments. On the other hand, gels with better separation ability, e.g. polyacrylamide gels, could be tried for distinguishing comigrating fragments. Often it would be desirable to use other codominant markers together with RAPDs.
